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1
IMAGING AND PROCESSING USING DUAL
CLOCKS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/885,688, filed May 16, 2013, in the national
phase of PCT Patent Application PCT/IB2011/055155, filed
Nov. 17, 2011, which claims the benefit of U.S. Provisional
Patent Application 61/415,352, filed Nov. 19, 2010. All of
these related applications are incorporated herein by refer-
ence.

FIELD OF THE INVENTION

The present invention relates generally to computer vision,
and specifically to three-dimensional (3D) mapping and
imaging.

BACKGROUND OF THE INVENTION

Various methods are known in the art for optical 3D map-
ping, i.e., generating a 3D profile of the surface of an object by
processing an optical image of the object. This sort of 3D
profile is also referred to as a depth map or depth image, and
3D mapping is also referred to as depth mapping.

Some methods of 3D mapping are based on projecting a
laser speckle pattern onto the object, and then analyzing an
image of the pattern on the object. For example, PCT Inter-
national Publication WO 2007/043036, whose disclosure is
incorporated herein by reference, describes a system and
method for object reconstruction in which a coherent light
source and a generator of a random speckle pattern project
onto the object a coherent random speckle pattern. An imag-
ing unit detects the light response of the illuminated region
and generates image data. Shifts of the pattern in the image of
the object relative to a reference image of the pattern are used
in real-time reconstruction of a 3D map of the object. Further
methods for 3D mapping using speckle patterns are
described, for example, in PCT International Publication WO
2007/105205, whose disclosure is also incorporated herein
by reference.

Other methods of optical 3D mapping project different
sorts of patterns onto the object to be mapped. For example,
PCT International Publication WO 2008/120217, whose dis-
closure is incorporated herein by reference, describes an illu-
mination assembly for 3D mapping that includes a single
transparency containing a fixed pattern of spots. A light
source transilluminates the transparency with optical radia-
tion so as to project the pattern onto an object. An image
capture assembly captures an image of the pattern on the
object, and the image is processed so as to reconstruct a 3D
map of the object.

SUMMARY

Embodiments of the present invention that are described
hereinbelow provide improved methods and apparatus for 3D
mapping.

There is therefore provided, in accordance with an embodi-
ment of the present invention, a method for depth mapping,
which includes illuminating an object with a time-coded pat-
tern and capturing images of the time-coded pattern on the
object using a matrix of detector elements. The time-coded
pattern in the captured images is decoded using processing
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circuitry embedded in each of the detector elements so as to
generate respective digital shift values, which are converted
into depth coordinates.

In some embodiments, illuminating the object includes
projecting a temporal sequence of spatial patterns of light
onto the object, wherein the spatial patterns may include
alternating bright and dark stripes, having a different, respec-
tive spatial frequency in each of the spatial patterns. Alterna-
tively or additionally, the spatial patterns may include one or
more gray-scale patterns.

Further additionally or alternatively, capturing the images
includes capturing multiple successive image frames,
wherein the temporal sequence extends over a given number
of'the successive image frames, and decoding the time-coded
pattern includes combining signals from the given number of
the successive image frames.

Projecting the temporal sequence may include scanning an
illumination beam along a first axis, while modulating the
beam, and applying a cylindrical optical element to generate
the spatial patterns by spreading the modulated beam along a
second axis, perpendicular to the first axis. Alternatively,
projecting the temporal sequence may include providing a
patterned element including multiple areas, which when illu-
minated, created respective ones of the spatial patterns, and
illuminating the areas sequentially so as to project the tem-
poral sequence of the spatial patterns.

In some embodiments, capturing the images includes gen-
erating electrical charge in each of the detector elements
responsively to the time-coded pattern, and decoding the
pattern includes switching the charge among different charge
storage components in each of the detector elements in syn-
chronization with the time-coded pattern. In a disclosed
embodiment, the temporal sequence and switching the charge
are synchronized by a global clock, and decoding the pattern
includes reading data out of the matrix of the detector ele-
ments under control ofa local clock, which is unsynchronized
with the global clock. Typically, the matrix includes multiple
rows of the detector elements, and reading the data out
includes outputting the data from the detector elements row
by row using a rolling shutter controlled by the local clock.

In a disclosed embodiment, decoding the pattern includes
making a comparison of the charge stored in each of the
charge storage components to a threshold level, generating bit
values responsively to the comparison, and concatenating the
bit values to generate the respective digital shift values.

Additionally or alternatively, decoding the pattern includes
combining signals from the charge storage components in
groups of neighboring detector elements so as to provide the
depth coordinates with enhanced depth resolution.

In another embodiment, illuminating the object includes
projecting a temporal sequence of spatial patterns of light
onto the object, and capturing the images includes capturing
multiple successive image frames, wherein the temporal
sequence extends over a given number of the successive
image frames, and decoding the pattern includes combining
signals from the given number of the successive image frames
while combining the signals from groups of neighboring
detector elements.

Typically, decoding the pattern includes storing reference
values corresponding to an image of the time-coded pattern at
a predefined reference frame, and decoding the pattern
includes generating respective output words from the detector
elements based on a captured image, and taking differences
between the respective output words and the stored reference
values in order to find the digital shift values. Converting the
shift values may include generating a depth map of the object
by triangulation of the digital shift values.
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There is also provided, in accordance with an embodiment
of the present invention, a method for imaging, which
includes capturing images of an object using a matrix of
detector elements. A processing operation is performed in the
detector elements under control of a global clock. Results of
the processing operation are read out under control of a roll-
ing clock, which is unsynchronized with the global clock.

In a disclosed embodiment, capturing the images includes
generating electrical charge in each of the detector elements,
and performing the processing operation includes applying a
logical operation to the charge in each of the detector ele-
ments in order to generate a digital value, which is read out
under the control of the rolling clock. Capturing the images
may include illuminating the object with radiation that varies
over time under the control of the global clock, and generating
the charge responsively to the radiation that is received from
the object at the detector elements.

There is additionally provided, in accordance with an
embodiment of the present invention, apparatus for depth
mapping, including an illumination subassembly, which is
configured to illuminate an object with a time-coded pattern.
An image capture subassembly includes a matrix of detector
elements configured to capture images of the time-coded
pattern on the object. Processing circuitry is embedded in
each of the detector elements and is configured to decode the
time-coded pattern in the captured images so as to provide
signals indicative of respective digital shift values. A proces-
sor is configured to convert the shift values into depth coor-
dinates.

There is further provided, in accordance with an embodi-
ment of the present invention, apparatus for imaging, which
includes a matrix of detector elements, which is configured to
capture images of an object. Embedded processing circuitry
is configured to perform a processing operation in the detec-
tor elements under control of a global clock. A readout circuit
is configured to read out results of the processing operation
under control of a rolling clock, which is unsynchronized
with the global clock.

There is moreover provided, in accordance with an
embodiment of the present invention, projection apparatus,
including a radiation source, which is configured to generate
an illumination beam, and scanning optics, which are config-
ured to scan the illumination beam along a first axis. A control
circuit is coupled to modulate the illumination beam while the
beam is scanned. A cylindrical optical element is configured
to generate one or more spatial patterns by spreading the
modulated beam along a second axis, perpendicular to the
first axis.

Inadisclosed embodiment, the control circuit is configured
to pulse the illumination beam on and off while the beam is
scanned so as to generate a pattern of stripes along the second
axis. A modulation of the illumination beam may be varied so
as to generate the stripes with different widths.

There is furthermore provided, in accordance with an
embodiment of the present invention, projection apparatus,
which includes a patterned element including multiple areas,
which when illuminated, create different, respective spatial
patterns. At least one radiation source is configured to illumi-
nate the areas sequentially so as to project the spatial patterns
in a temporal sequence.

Inadisclosed embodiment, the at least one radiation source
includes an array of radiation sources, which are configured
to irradiate different, respective ones of the areas, and the
apparatus includes a control circuit, which is coupled to turn
the radiation sources on and off in succession so as to create
the temporal sequence of the spatial patterns.
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The present invention will be more fully understood from
the following detailed description of the embodiments
thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is a schematic side view of an imaging device for 3D
mapping, in accordance with an embodiment of the present
invention;

FIG. 2 is a schematic circuit diagram showing a detector
element with an embedded processing circuit, in accordance
with an embodiment of the present invention;

FIG. 3 is a timing diagram that schematically illustrates the
operation of an illumination subassembly and detector ele-
ments in an imaging device for 3D mapping, in accordance
with an embodiment of the present invention;

FIGS. 4A, 4B and 4C schematically show patterns pro-
jected by an illumination subassembly, in accordance with an
embodiment of the present invention;

FIG. 5 is a block diagram that schematically shows details
of comparator logic in a processing circuit embedded in an
imaging device, in accordance with an embodiment of the
present invention; and

FIG. 6 is a schematic pictorial view of an illumination
subassembly, in accordance with an embodiment of the
present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Pattern-based systems and methods for depth mapping
such as those described in the Background section above
require that a processor perform multiple correlation compu-
tations in order to find the local shift of each pixel or group of
pixels relative to a reference image. The computations require
substantial computing and/or hardware logic resources and
are limited in the spatial resolution that they are able to
achieve.

Embodiments of the present invention that are described
hereinbelow provide circuits and methods that can be used to
overcome these limitations by using time-coded illumination
in combination with an image sensor that decodes the time
coding at each pixel. The resulting system is thus able to
provide a digital shift value for each pixel simply by digital
subtraction, with no need for correlation or other complex
computations. The shift value is converted to depth by trian-
gulation, as in other pattern-based depth mapping systems.

FIG. 1is a schematic top view of an imaging device 22 for
3D mapping, in accordance with an embodiment of the
present invention. Imaging device 22 is configured to capture
images and generate 3D maps of a scene. The scene here
includes an object 28, such as the hand of a user of the device,
which is located at a distance Z 5 ; from device 22. The depth
information in the 3D maps generated by device 22 may be
used by a host computer as part of'a 3D user interface, which
enables the user to interact with games and other applications
running on the computer and with elements shown on a dis-
play screen. (This sort of functionality is described, for
example, in U.S. Patent Application Publication 2009/
0183125, whose disclosure is incorporated herein by refer-
ence.) This particular application of device 22 is mentioned
here only by way of example, however, and the 3D mapping
capabilities of the device may be used for other purposes, as
well, and applied to substantially any suitable types of scenes
and 3D objects.

Inthe example shown in FIG. 1, an illumination subassem-
bly 30 in imaging device 22 projects a time-coded pattern of
optical radiation onto object 28, as will be explained herein-
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below. The optical radiation that is used for this purpose is
typically in the infrared (IR) range, but visible or ultraviolet
radiation may similarly be used. (The term “optical radia-
tion,” as used in the context of the present patent application
and in the claims, refers to electromagnetic radiation in any or
all of the visible, infrared, and ultraviolet ranges, which is
equivalently referred to as visible, infrared, or ultraviolet
light.) An image capture subassembly 38 captures and
decodes images of the pattern on the object in order to gen-
erate a digital shift value for each pixel.

A processor 46 in device 22 processes the shift values in
order to generate a depth map of object 28, i.e., an array of 3D
coordinates, comprising a depth (Z) coordinate value of the
surface of the object at each point (X,Y) within a predefined
field of view. (In the context of an array of image-related data,
these (X,Y) points are also referred to as pixels.) In the
present embodiment, the processor computes the 3D coordi-
nates of points on the surface ofthe object 28 by triangulation,
based on the transverse shift of the pattern at each pixel. The
principles of the triangulation computation are described in
the above-mentioned PCT publications WO 2007/043036,
WO 2007/105205 and WO 2008/120217. This sort of tech-
nique is referred to herein generally as “pattern-based depth
mapping.” The embodiments described in the present patent
application use time-coded illumination patterns and dedi-
cated decoding circuitry to provide processor 46 with the
transverse shift value at each pixel accurately and efficiently.

In FIG. 1, the X-axis is taken to be the horizontal direction
along the front of device 22, the Y-axis is the vertical direction
(out of the page in this view), and the Z-axis extends away
from device 22 in the general direction of the object being
imaged by the assembly. The optical axes of subassemblies 30
and 38 are parallel to the Z-axis, with respective pupils on the
X-axis at a known distance apart. This sort of arrangement is
useful in simplifying the shift-based computations performed
by processor 46, but other optical arrangements may alterna-
tively be used to implement the principles described herein,
and these alternative arrangements are considered to be
within the scope of the present invention.

As noted above, illumination subassembly 30 illuminates
the scene of interest with a time-coded pattern, such as a
succession of patterns of vertical stripes, wherein the stripe
width varies in time. Such a pattern is illustrated in FIGS.
4A-4C and is described hereinbelow with reference thereto.
To generate this sort of pattern, subassembly 30 typically
comprises a suitable radiation source 32, such as a collimated
diode laser or an appropriately shaped light-emitting diode
(LED) or other light source, along with scanning optics, such
as a scanning mirror 34 and projection optics 35. The beam
from source 32 is modulated, for example, pulsed on and off,
during each excursion of scanning mirror 34 along the X-axis,
with modulation timed to generate the stripes with the desired
spatial frequencies. Optics 35 may comprise a cylindrical lens
or other cylindrical optical element, which spreads the output
spot from source 32 into an output stripe along the Y-direc-
tion. In this case, it is sufficient that mirror 34 scan in a single
dimension, along the X-axis. The pattern is projected onto the
scene in a diverging beam 36. Alternatively, a two-dimen-
sional scanning mirror, which may be driven using micro-
electro-mechanical system (MEMS) technology, for
example, in conjunction with a collimated laser diode can be
used to create a full two-dimensional illumination pattern.

Further alternatively, other sorts of illumination subassem-
blies may be used to create the time-coded pattern. For
example, a spatial light modulator may be driven to generate
the pattern over the entire field of view simultaneously, with-
out scanning. As another example, an array of parallel radia-
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tion sources may be modulated, for example sequentially
turned on and off in turn, with appropriate timing to create the
time-coded pattern. In this latter case, the radiation sources
may be associated with suitable patterned optics, such as a
diffractive optical element (DOE) or micro-lens array
(MLA), for projection of the pattern. The density and/or other
aspects of the pattern may vary across the surface of the
optics, so that as each radiation source is turned on, it creates
a different spatial pattern in the time-coded sequence. An
embodiment of this sort is shown in FIG. 6.

Image capture subassembly 38 typically comprises objec-
tive optics 42, which image the scene onto a detector 40,
which may be based on CMOS image sensor technology,
comprising a matrix of detector elements 41. The rows and
columns of'the matrix are aligned with the X andY axes. Each
element 41 of detector 40 comprises a local processing cir-
cuit, which generates the digital shift value of the correspond-
ing pixel. The detector and objective optics define a field of
view 44, which is typically contained within beam 36 in the
region of interest of device 22.

As noted above, radiation source 32 typically emits IR
radiation. Detector 40 may comprise a monochrome image
sensor, without an IR-cutoft filter, in order to detect the image
of the projected pattern with high sensitivity. To enhance the
contrast of the image captured by detector 40, optics 42 or the
detector itself may comprise a bandpass filter (not shown),
which passes the wavelength of radiation source 32 while
blocking ambient radiation in other bands.

Processor 46 typically comprises an embedded micropro-
cessor, which is programmed in software (or firmware) to
carry out the processing functions that are described herein. A
memory 48 may hold program code, lookup tables, and/or
interim computational results. Alternatively or additionally,
processor 46 may comprise programmable hardware logic
circuits for carrying out some or all of its functions.

FIG. 2 is a schematic circuit diagram showing processing
circuits embedded in each of detector elements 41 in detector
40, in accordance with an embodiment of the present inven-
tion. All of the components of detector 40, including both
light sensing and logic circuits, may be produced by standard
CMOS processes, such as are currently used in producing
CMOS image sensors.

A photodiode 50 or other light-sensitive component in each
element 41 generates a flow of electrons in response to inci-
dent photons. The processing circuitry in each element 41
includes at least a switch 52 and multiple charge storage
components, such as capacitors 54. Switch 52 is coupled to
the output of photodiode 50 and switches among capacitors
54, which store the electron charge. In this example, element
41 comprises an array of ten capacitors, but larger or smaller
numbers of capacitors may be used depending on the desired
shift resolution. Comparator logic 56 converts the charge
stored by the capacitors into a signal indicative of a digital
shift value, which is then read out of detector 40 to processor
46. This readout is typically performed in raster sequence
with the shift values of the other detector elements, so that the
shift values are read out in the same manner as pixel values are
read out of a conventional image sensor.

Alternatively, at least a portion of comparator logic 56
(which is described in greater detail hereinbelow) may be
located at the edge of the array of detector elements 41, rather
than embedded in each detector element as shown here. Fur-
ther alternatively or additionally, some or all of the raw sig-
nals captured by capacitors 54 may be transferred from detec-
tor 40 to processor 46, which then performs the shift
computation at the picture level. As yet another alternative,
comparator logic 56 may perform numerical and/or trigono-
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metric operations on the raw signals, as well as comparison
between the readings of the capacitors.

FIG. 3 is atiming diagram that schematically illustrates the
operation of illumination subassembly 30 and detector ele-
ments 41, in accordance with an embodiment of the present
invention. The illumination subassembly generates a tempo-
ral sequence of ten different spatial patterns of light, identi-
fied in FIG. 3 as P1 through P10. (A possible sequence of this
sort is described hereinbelow with reference to FIGS.
4A-4C.) This sort of temporal sequence of different spatial
light patterns is referred to herein as a time-coded illumina-
tion sequence or pattern.

The patterns are projected by subassembly 30 in predeter-
mined time intervals. In this example, the intervals are 1 ms
apart, but longer or shorter intervals may be used. Much
longer intervals are generally undesirable if the object to be
mapped is moving. Shorter intervals are possible, but may
complicate and increase the power consumption of the cir-
cuitry. The millisecond-scale interval is convenient in that it
can be implemented using low-speed timing and switching
circuits and generates only moderate data transfer rates.

During each of the projection intervals, switch 52 conveys
the charge from photodiode 50 to a different capacitor 54. The
switch in each detector element 41 is synchronized with the
alternation of the light pattern that is projected by illumina-
tion subassembly 30. Thus, capacitor C1 receives the charge
during the interval of pattern P1, C2 during P2, and so forth up
to C10 and P10, after which the sequence repeats, as illus-
trated by the lines marked C1, C2, . . ., C10 in FIG. 2.
Consequently, the intensity of light that is incident on detector
element 41 due to each of the light patterns is recorded by the
respective capacitor. Repetition of the pattern (every 10 ms in
this example) is useful in averaging out artifacts that may
arise due to motion of object 28.

Switches 52 in all elements 41 of detector 40 are typically
synchronized by a global clock, i.e., all of the switches oper-
ate at the same time and in the same way in order to match the
timing of the varying light patterns. On the other hand, read-
out of the values collected and stored by elements 41 may be
performed row-by-row, using a local clock, in a “rolling shut-
ter” arrangement, for example. In this scheme, the readout
periods of the successive rows RO, R1, . . ., Rn of elements 41
are staggered over the duration of each frame. (The readout
period of each row is illustrated by the short period during
which the signal for the row is shown to go low in FIG. 3.) The
use of a rolling shutter for readout, notwithstanding the global
timing of the switches, may be advantageous in terms of ease
of implementation and enhanced overall sensitivity to light.
The lack of synchronization between the global clock that
controls the illumination and sensing and the local clock that
controls readout has no adverse effect on the performance of
device 22.

This sort of hybrid approach, in which switching opera-
tions within the detector elements in a matrix are globally
clocked, while readout is controlled separately row by row, by
a rolling clock, may similarly be used in implementing other
sorts of local processing functions, as well.

FIGS. 4A, 4B and 4C schematically show patterns P3, P4,
and P10, respectively, according to an embodiment of the
present invention. These patterns comprise bright stripes 60
and dark stripes 62, wherein the widths (i.e., the spatial fre-
quencies) of the stripes vary from pattern to pattern. Pattern
P1 may be totally bright, while P2 is totally dark, in order to
provide baseline values for comparator logic 56. In P3 (FIG.
4A), stripes 60 and 62 each take up half the field. Assuming
sensor 40 to comprises 256 columns of detector elements 41,
illumination subassembly 30 may be controlled so that the
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stripes in P3 are each 128 pixels wide. In P4 (FIG. 4B), the
alternating bright and dark stripes are 64 pixels wide. The
stripe widths decrease by half in each successive interval:
P5—32 pixels; P6—16 pixels; P7—S8 pixels; P8—4 pixels;
P9—2 pixels; P10 (FIG. 4C—stripes not to scale )—one pixel.

This succession of patterns associates a unique eight-bit
code with each X-coordinate value. Each bit of the code
corresponds to the bright/dark status of the column of pixels
at that X-coordinate in an image of a reference plane during
the corresponding interval, from P3 through P10. (The refer-
ence plane is located at a known distance from device 22 and
is used as the baseline Z-coordinate for converting X-direc-
tion shift values to Z-direction depth values by triangulation.)
Associating the value 1 with bright stripes 60, and 0 with dark
stripes 62, the leftmost column will have the value (1111111),
since the pixels in this column are bright during every one of
the intervals, whereas the rightmost column will be
(00000000). The binary code values of the intermediate col-
umns increase in succession from right to left.

Alternatively, any other suitable sort of time-coded
sequences of patterns may be used. The use of vertically-
striped patterns is appropriate in the system configuration
shown in FIG. 1, since depth variations will result only in
X-direction shifts of the pattern (as explained in the above-
mentioned PCT publications). Hence, no Y-direction coding
is required. Alternatively, however, in other schemes, the
Y-coordinates may be coded, as well.

As another example, in some cases it may be advantageous
to use multiple frames of time-coded data to derive depth. For
example, instead of using a single frame with ten storage
components in each detector element as in the embodiment
described above, depth data can be derived by combining
signals from a given number of successive frames, using four
storage components in each detector element, with each time-
coded sequence of projected patterns extending over the
given number of successive frames. In this sort of embodi-
ment, a detector with a high frame rate (for example, 100
frames/sec or more) can be used in order to reduce the influ-
ence of motion artifacts on depth measurement.

Another alternative is to group neighboring detector ele-
ments: For instance, with four storage components in each
detector element, a group of four neighboring elements will
have 16 storage components. The signals from the neighbor-
ing detector elements in each such group can be combined to
provide depth readings with enhanced depth resolution. For
this purpose, the storage components in the different detector
elements in the group may be clocked at different times, so
that each storage component receives charge due to projec-
tion of a different pattern. Alternatively, the projected patterns
may be modified to provide local spatial coding over the
different detector elements in each group, without necessarily
applying different clocks to the different elements. In this
manner, the local spatial information can be combined with
temporal information to decode the patterns and thus extract
local shift (and hence depth) information.

In another embodiment, both of the above alternatives may
be combined: The time-coded sequence of projected patterns
may extended over multiple successive frames, and the pat-
terns may be decoded by grouping neighboring detector ele-
ments. This sort of embodiment can be designed, with appro-
priate local spatial coding of the patterns, to use a
conventional image sensor array, in which each detector ele-
ment contains only a single storage component.

In practical terms, it may be difficult in some circum-
stances to properly distinguish between the binary values 0
and 1 at each pixel, especially when projecting the pattern
with the finest spatial resolution. Furthermore, use of gray-
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scale patterns can be advantageous in achieving sub-pixel
resolution in the shift computation. Thus, in an alternative
embodiment, binary patterns (at low resolution) may be pro-
jected in alternation with grey-scale patterns, and the results
may be combined to measure depth with enhanced reliability
and resolution. The gray-scale pattern may comprise, for
example, a shifted-sine pattern, such as that described by
Guan et al., in “Composite Structured Light Pattern for Three-
Dimensional Video,” Optics Express 11:5 (2003), pages 406-
417, which is incorporated herein by reference.

FIG. 5 is a block diagram that schematically shows details
of comparator logic 56, in accordance with an embodiment of
the present invention. The charge values (or equivalent volt-
ages) of capacitors C1 and C2 are input to a threshold setting
block 70 As explained above, switch 52 in each detector
element 41 is synchronized so that these capacitors respec-
tively receive the charge output by photodiode 50 while illu-
mination subassembly 30 projects patterns P1 and P2.
Assuming pattern P1is all bright and P2 is all dark, C1 and C2
will give the signal bounds for each pixel: C1 indicates the
expected signal level when the pixel is illuminated by subse-
quent patterns, while C2 indicates the baseline “dark™ level
due to ambient light.

Block 70 sets one or more discrimination thresholds based
onthe C1 and C2 values. For example, a single threshold may
be set at the average of C1 and C2. This threshold is input to
an array of comparators 72, one for each of the remaining
capacitors 54, C3 through C10. Alternatively, the threshold
can be set as the average of max(C1l, . . . , C10) and
min(Cl, ..., C10) (on the assumption that there is no word of
ten zeros or ten ones). In this alternative scheme, the values of
C1 and C2 can provide useful depth information, rather than
being used only for threshold setting.

As an alternative to the sort of threshold-based discrimina-
tion that is described above, complementary patterns (such as
101010 and 010101) may be projected in alternation. The
resulting signals are compared locally in each detector ele-
ment 41. If the first signal at a given pixel is larger than the
second by at least a certain minimum difference, then it is
assigned the value 1. Otherwise it gets the value 0.

Each comparator 72 compares the charge level of the
respective capacitor to the threshold and outputs a bit value
accordingly, for example, a “1” if the charge level is above
threshold, and “0” if below. Alternatively, a single comparator
(or an intermediate number of comparators) may be multi-
plexed among the capacitors. The result, in the example
shown in FIG. 5, is an eight-bit output word 74, in which the
MSB (contributed by C3) represents the bright/dark status of
the corresponding pixel due to pattern P3, and the LSB (C10)
represents the status due to P10. The comparison is typically
performed at the conclusion of each cycle through the set of
patterns P1 through P10, and the capacitors are then cleared
for the next cycle.

If the image captured by subassembly 38 during a given
cycle is of a flat object at the above-mentioned reference
plane, then the value of word 74 will be the reference code
value, XREF, for the corresponding X-coordinate. This ref-
erence value may be stored in a register 76 for each column of
detector elements 41. A subtractor 78 takes a difference
between the reference value in register 76 from the current
value of word 74 in order to give the digital value of the
X-direction shift of the pattern at this pixel. Processor 46
translates the shift into the corresponding depth value. Alter-
natively, detector 40 may simply output raw words 74, and the
subtraction may be performed by processor 46 or other cir-
cuitry. Further alternatively, detector elements 41 may com-
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prise additional arithmetic logic to convert the shifts into
depth values, so that detector 40 outputs a depth map directly.

Alternative implementations of the capacitors and associ-
ated logic may also be used. For example, a smaller number of
capacitors may be incorporated in each detector element 41,
and the operation of switch 52 may be timed so that each
capacitor receives charge during two (or more) of the pattern
intervals. In this case, each capacitor may store two (or more)
bits of information as analog charge levels. Comparator logic
56 may then apply multiple thresholds in order to distinguish
between the possible charge states and extract the appropriate
multi-bit values from each capacitor.

FIG. 6 is a schematic pictorial view of an illumination
subassembly 80, which is operative to project a time-coded
sequence of spatial patterns, in accordance with another
embodiment of the present invention. Subassembly 80 may
be used in place of the subassembly 30 in device 22 (FIG. 1),
for example. Subassembly 80 comprises multiple parallel
radiation sources 82, 84, 86, 88, . . . , such as infrared (IR)
laser diodes, which may be mounted side-by-side on a sub-
strate 90, such as a printed circuit board. The sources are
turned on and oft'in succession by a control circuit 102, so that
typically one source is lit at any given time during the opera-
tion of subassembly 80.

To create the desired time-coded patterns, sources 82, 84,
86, 88, . . ., transilluminate respective areas 94, 96, 98,
100, . . ., of a patterned element 92. Typically, projection
optics (such as lens 35, shown in FIG. 1) project the respective
patterns onto the field of view of device 22. Although only
four sources and corresponding areas are shown in FIG. 6, in
practice larger numbers of sources and corresponding areas
can be used to create a larger number of spatial patterns.
Furthermore, although element 92 is shown in the figure as a
single plate, areas 94,96, 98,100, . . ., within element 92 may
alternatively be implemented as separate components.
Sources 82, 84, 86, 88, . . ., may be arranged in a linear array,
as shown in FIG. 6, or they may alternatively be arranged in a
two-dimensional array, with areas 94, 96, 98, 100, . . . |
configured accordingly.

Patterned element 92 is designed and fabricated so that
each area 94, 96, 98, 100, . . . | creates a different spatial
pattern, such as the patterns shown in FIGS. 4A, 4B and 4C.
For this purpose, element 92 may comprise, for example, a
suitable diffractive optical element (DOE) or micro-lens
array (MLA), for projection of the pattern. The density and/or
other aspects of the pattern on element 92 may vary from area
to area, so that as each radiation source 82, 84, 86, 88, . . . ,is
turned on, it creates a different spatial pattern in the time-
coded sequence.

In an alternative embodiment, a beam from a single source
(as in subassembly 30) is scanned from area to area over
element 92, thereby illuminating each of areas 94, 96, 98,
100, . . ., and creating the corresponding spatial patterns in
turn.

Although the embodiments described above relate to a
particular depth mapping configuration, the principles of the
devices and methods presented above may be applied in other
configurations, and for applications other than depth map-
ping.

It will thus be appreciated that the embodiments described
above are cited by way of example, and that the present
invention is not limited to what has been particularly shown
and described hereinabove. Rather, the scope of the present
invention includes both combinations and subcombinations
of the various features described hereinabove, as well as
variations and modifications thereof which would occur to
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persons skilled in the art upon reading the foregoing descrip-
tion and which are not disclosed in the prior art.

The invention claimed is:

1. A method for imaging, comprising:

capturing images of an object using a matrix comprising

multiple rows of detector elements;

performing a processing operation in the detector elements

under control of a global clock with a first predetermined
clock period; and

reading out results of the processing operation row by row

under control of a rolling clock with a second predeter-
mined clock period, which is different from and unsyn-
chronized with the global clock.

2. The method according to claim 1, wherein capturing the
images comprises generating electrical charge in each of the
detector elements, and

wherein performing the processing operation comprises

applying a logical operation to the charge in each of the
detector elements in order to generate a digital value,
which is read out under the control of the rolling clock.

3. The method according to claim 2, wherein capturing the
images comprises illuminating the object with radiation that
varies over time under the control of the global clock, and
generating the charge responsively to the radiation that is
received from the object at the detector elements.

4. The method according to claim 3, wherein illuminating
the object comprises applying the radiation in a time-coded
pattern, and wherein the digital value generated by the logical
operation comprises a digital shift value, and wherein reading
out the results comprises reading out and processing digital
shift values read out from the matrix of detector elements in
order to generate a depth map of the object.

5. The method according to claim 1, wherein capturing the
images comprises generating electrical charge in each of the
detector elements, and

wherein performing the processing operation comprises

switching the charge among different charge storage
components associated with the detector elements in
synchronization with the global clock.

6. The method according to claim 5, wherein performing
the processing operation comprises making a comparison of
the charge stored in each of the charge storage components to
a threshold level and generating digital values in response to
the comparison, and

wherein reading out the results comprises reading out the

digital values.

7. The method according to claim 6, wherein generating the
digital values comprises generating bit values responsively to
the comparison, and concatenating the bit values to generate
the digital values.

8. The method according to claim 1, wherein reading out
the results comprises outputting the data from the detector
elements row by row using a rolling shutter controlled by the
local clock.

9. Apparatus for imaging, comprising:

a matrix comprising multiple rows of detector elements,

which is configured to capture images of an object;
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embedded processing circuitry, which is configured to per-
form a processing operation in the detector elements
under control of a global clock with a first predetermined
clock period; and

a readout circuit, which is configured to read out results of

the processing operation under control of a rolling clock
with a second predetermined clock period, which is
different from and unsynchronized with the global
clock.

10. The apparatus according to claim 9, wherein the detec-
tor elements are configured to generate electrical charge
responsively to the images, and

wherein the processing circuitry is configured to apply a

logical operation to the charge in each of the detector
elements under the control of the global clock in order to
generate a digital value, which is read out under the
control of the rolling clock.

11. The apparatus according to claim 10, and comprising
an illumination subassembly, which is configured to illumi-
nate the object with radiation that varies over time under the
control of the global clock, wherein the detector elements
generate the charge responsively to the radiation illuminating
the object.

12. The apparatus according to claim 11, wherein the illu-
mination subassembly is configured to apply the radiation in
atime-coded pattern, and wherein the digital value generated
by the embedded processing circuitry comprises a digital
shift value, which is read out by the readout circuit and which
is converted by a processor into a depth coordinate in order to
generate a depth map of the object.

13. The apparatus according to claim 9, wherein the detec-
tor elements are configured to generate electrical charge in
each of the detector elements, and

wherein the embedded processing circuitry comprises, in

each of the detector elements, multiple charge storage
components and a switch, which is configured to switch
the charge from the detector elements among the charge
storage components associated with the detector ele-
ments in synchronization with the global clock.

14. The apparatus according to claim 13, wherein the pro-
cessing circuitry comprises comparator logic, which is con-
figured to make a comparison of the charge stored in each of
the charge storage components to a threshold level, and to
generate digital values in response to the comparison, and

wherein the readout circuit is configured to read out the

digital values.

15. The apparatus according to claim 14, wherein the com-
parator logic is configured to generate bit values responsively
to the comparison, and to concatenate the bit values to gen-
erate the digital values.

16. The apparatus according to claim 9, wherein the read-
out circuit is configured to output the data from the detector
elements row by row using a rolling shutter controlled by the
local clock.



